Abstract: Accurate predictions of the sound radiated by breaking waves are contingent on a correct description of the linear propagation of sound in bubbly water. Sound prop~ation is deseribed by a dispersion relation, which predicts the phase speed and attenuation as a function of the frequency of propagation. We discuss the use of three dispersion relations and examine their effect on the output of a theoretical model of the low-frequency sound generated by breaking waves.
Wave breaking at the ocean surface plays a key role in many physical, chemical and biological processes. Breaking waves mix the upper ocean, transfer momentum from the wind to surface currents and entrain large volumes of air. Sea-surface sound is generated as the entrained air bubbles oscillate individually and collectively. Laborato~experiments have shown that the Iow-fiequeney sound produti by collective oscillations is strongly correlated with the volume of air entrained and the energy dissipated by individd breaking events [1] . The longterrn goal of this study is the development of methods for using passive acoustic measurements to make quantitative predictions of air entrainment and energy dissipation. An important step in achieving this goal is the development of a more accurate model of the sound radiated by breaking waves.
The most findamenti component of any sea-surface sound model is an accurate method for computing the dispersion relation in bubbly water. This is problematic because at the present time there is no universrdly acceptti theory to describe linear acoustic propagation in bubbly water. The dispersion relation most cornrnody used to model sound propagation through bubbly media is the classic theory due to Foldy [2] . It assumes that the bubbles always oscillate independently even when the void fraction is large and the bubbles are closely spaced. However, laboratory measurements have shown that within the bubble clouds entraind by breaking waves the bubbles are strongly coupled and begin to oscillate collectively when the average void fraction inside the cloud is approximately 10°A [1, 3] . In addition, experiments have shown that breaking waves entrain bubbles as large as 1.5 cm in diameter [4] . Bubbles of this size have a resonance frequency of approximately 440 Hz, which lies in the frequeney range of collective oscillations. Therefore, it is dso important that the dispersion relation be applicable at large void fractions and at the resonance frequencies of the individual bubbles For a mono-disperse cloud with void fraction~and bubble radius E, Foldy's dispersion relation is given by,
where kmis the mixture wave number, k. is the pure liquid wave number, 00 and b are the resonance frequeney and damping constant of the bubbles, and o is the frequeney of propagation [5] . However, the classic theory is only valid for void fractions less than -1 YO and for frequencies far from the resonance frequency of the individual bubbles. We have been investigating the use of two alternate dispersion relations, which at least in principle are valid at higher void fractions and near the resonant frequency of the bubbles. Sangani [6] determined a correction to equation 1 that is accurate to O{@n). He accounted for pair-wise bubble interactions and for the fact that the presence of other bubbles will increase the compressibility of the surrounding media. His dispersion relation is,
where b" = b,~+ b. is the damping constant due to thermal and viscous damping. Feuillade [~took into account all possible bubble interactions and assumed that interacting bubbles are stilciently close together to oscillate with the same phase. The resulting form of the dispersion relation is:
e 'iwdr a (3) where the term 1 represents the radiative coupling between bubbles. In this theov the sound scattered from a bubble interacts with only a few bubbles immediately adjacent to it, i.e., more distant bubbles are shielded by the nearer bubbles. . Therefore, the three dispersion relations should predict very similar frequencies for many of the lower order modes of collective oscillation.
Oguz [8] has developed a theoretical model for predicting the sound generated by hernispherid bubble clouds entrtined by breting waves. He used Foldy's dispersion relation to predict the phase speed and attenuation inside the bubble cloud. We have compared predictions of the frequency spectrum of sound radiated by individti br~ing waves computed using Oguz's model using the three dispersion relations. As expected, for frequencies <500~the m~el predicts essentially tie Sme frequenq spectrum using the three relations. However, at higher frequencies the predicted spectra may dfier sigtilcantly.
